INTRODUCTION
Design and synthesis of highly porous metal-organic frameworks (MOFs) with large pore sizes have attracted significant interest during the past two decades. [1] [2] [3] [4] [5] [6] [7] [8] The nanoscale voids inside porous materials enable small molecules such as gases and even large molecules such as proteins and enzymes to be trapped and transported. 9, 10 To expand the pore sizes of MOFs several techniques have been developed, but none more applicable than isoreticular expansion. 2, 11 For example, the isoreticular MOF-74 series was obtained by liner elongation, leading to the expansion of pore sizes from 1.4 to 9.8 nm. 12 However, large-pore MOFs are not always preferred when longer linkers are applied in a solvothermal synthesis. In many cases, the reaction between clusters and elongated linkers often results in interpenetrated structures or undesired topologies, which in turn reduces the pore sizes of the obtained MOFs. Over the years, many different methods were attempted in order to control the structure and topology of MOFs by designing non-interpenetrated networks or using templates. 13 One successful example is a stepwise linker-exchange strategy, whereby the short linkers of small-pore MOFs are replaced by progressively longer ones via post-synthetic linker exchange. Eventually the cavity of MOFs was expanded while the topology and non-interpenetrated network were maintained. This method was proved to be effective for Zn-based MOFs including bio-MOF-100 and a series of layer-pillared structures. [14] [15] [16] Although successful, the application of stepwise linker exchange is limited to lowvalent metal-based MOFs, in which the M(II)-carboxylate coordination bonds are
Progress and Potential
Linker exchange has become an emerging theme in the synthesis of metal-organic frameworks (MOFs), but its utility is mainly restricted to inapplicable MOFs based on labile, low-valent metals. In this report, postsynthetic linker replacement within an inert framework, usually deemed difficult or impossible to accomplish, has been achieved by linker reinstallation. Labilization of the initial linker enables sequential insertion of longer or shorter linkers within a robust MOF, leading to convenient framework expansion and contraction. The enhancement of framework flexibility via defect creation results in a powerful tool for pore engineering, enabling the state-of-the-art design of robust frameworks with enhanced tunability through a combination of the dynamic covalent approach and tuning of the coordination kinetics. The resulting noninterpenetrated robust MOFs with large pore sizes epitomize ideal platforms for drug delivery, biomolecule immobilization, and large-molecule catalysis.
relatively labile. However, the high-valent metal-based MOFs are not able to undergo the exchange process of longer linkers due to the strong M(III/IV)-carboxylate bonds and rigid framework structures. 17 To date, controlling interpenetration of high-valent metal-based MOFs, such as Zr(IV), has yet to be explored. For instance, linker elongation of Zr-MOFs with the UiO (University of Oslo) structure often results in interpenetrated structures, known as porous interpenetrated zirconium-organic frameworks (PIZOFs). [18] [19] [20] The interpenetrated Zr-MOFs yield smaller cavities and more densely packed framework fragments, which are expected to be thermodynamically more favorable than the non-interpenetrated ones. Therefore, a one-pot synthesis typically ends up with interpenetrated framework structures as the thermodynamic products, while post-synthetic methods are considered to be favorable over one-pot syntheses when preparing non-interpenetrated structures. Ideally, non-interpenetrated Zr-MOFs with short linkers could be used as templates for linker exchange, with longer linkers allowing for highly porous Zr-MOFs as kinetic products to be isolated by circumventing the undesirable thermodynamic sink in a one-pot reaction.
However, direct linker exchange of UiO-type MOFs by slightly longer linkers was proved to be unsuccessful due to extremely low linker-exchange rates. The slow linker-exchange rate within UiO-type MOFs is attributed to the kinetic barrier caused by the stable Zr(IV)-carboxylate bonds and the rigid framework. 21 We proposed that the kinetic barrier of linker exchange can be overcome by destabilizing the parent ZrMOFs. By labilizing and removing the original linkers, secondary linkers with different lengths can be subsequently reinstalled into the unsaturated coordination sites. Here, we demonstrate that the exchange of Zr-MOFs with linkers of different lengths can be achieved by sequential linker labilization and reinstallation. A stable, non-interpenetrated Zr-MOF was initially synthesized as a template. Subsequently, labile linkers with imine bonds were post-synthetically introduced into the structure to destabilize the Zr-MOF, followed by the progressive dissociation and removal of imine-based linker, which allows for the continuous incorporation of secondary linkers with different lengths. This method enables pore expansion and contraction by reinstalling longer or shorter linkers, giving rise to a series of non-interpenetrated isoreticular Zr-MOFs.
RESULTS AND DISCUSSION
Overcoming the Kinetic Barrier of Linker Exchange Although the linker exchange of Zr-MOFs has been reported, linkers with the same lengths are often required. Linker exchange of Zr-MOFs with longer linkers has been attempted but to no avail. Considering the strong Zr(IV)-carboxylate bonds and the rigid framework, the linker-exchange process needs to overcome a high kinetic barrier. To accelerate the linker-exchange process, the parent Zr-MOF should be destabilized. As shown in Scheme 1, a stable Zr-MOF is labilized by introducing organic linkers that contain labile imine bonds. The creation of missinglinker defects by the subsequent removal of imine linkers introduces flexibility to the rigid framework, which in turn allows for the installation of longer linkers into the defect sites. In other words, the labilized MOF will act as a reaction intermediate, which allows for mild insertion of longer linkers to complete the linker reinstallation process.
To prove our hypothesis, we chose a previously reported Zr-MOF, namely Zr 6 -AZDC or UiO-67.5, as the parent MOF. [22] [23] [24] [25] [26] The color of the UiO-67.5 crystals as well as the solution was unchanged after 24 h. The powder X-ray diffraction (PXRD) of the sample was also maintained, indicating a failed linker-exchange process.
Instead, UiO-67.5 can be labilized by replacing the stable L1 linker with an iminebased linker of identical length (L1 0 , 4-carboxybenzylidene-4-aminobenzoic acid, Scheme 2). The labilized analog of UiO-67.5 is denoted as PCN-161. According to the literature, L1 0 can be dissociated into 4-aminobenzoic acid and 4-formylbenzoic acid through hydrolysis by breaking the imine bond to create missing-linker defects (Scheme 1). 27 As expected, the labile imine linker in PCN-161 can be easily and successfully exchanged by L2 when incubated in the solution of L2/DMF at 85 C. The linker-exchange process was monitored by 1 H-nuclear magnetic resonance (NMR) spectra ( Figure S8 ). 1 H-NMR spectra of digested samples revealed that the L1 0 were completely replaced by L2 after 24 h ( Figure S11 ). The final product was known as UiO-68 and the corresponding PXRD data matched well with the simulations based on single structure of UiO-68 ( Figure S6A ). Furthermore, the transformation occurred in a single-crystal to single-crystal manner, so that the structure of product can be clearly characterized by single-crystal X-ray diffraction (SCXRD, Table S1 ). The structures and lattice parameters of the product are consistent with the reported values for UiO-68. The morphology of crystals was unchanged after the linker reinstallation process was performed, although an obvious color change from yellow to colorless was observed (Figures S18 and S19). Additionally, the supernatant was analyzed by inductively coupled plasma mass spectrometry (ICP-MS), which showed no Zr leaching during the linker reinstallation process. All of the evidence clearly shows that a single-crystal to single-crystal transformation process occurs without dissolving or destructing the parent framework.
Scheme 1. Overcoming the Kinetic Barrier of Linker Exchange by Linker Labilization and Reinstallation

Sequential Linker Labilization and Reinstallation
To further examine the possibility of continuously expanding the unit cell dimensions of non-interpenetrated Zr-MOFs, we carried out stepwise linker labilization and reinstallation by iteratively applying linker labilization and reinstallation ( Figure 2) . A series of stable linkers was selected (L1 to L4) and their imine-based labile analogs with identical lengths were also designed and synthesized (L1 0 to L4 0 , Scheme 2).
Sequential linker reinstallation was realized by replacing the short imine linker with progressively longer ones (Schemes S3-S5 Figures S9-S14 ). The gradually enlarged unit cell dimensions were clearly reflected by the peak shift in PXRD patterns ( Figure 1A ). The unit cell parameters were determined by PXRD and are shown in Table S2 .
Single-crystal structures of PCN-161 and PCN-162 were successfully obtained, providing direct evidence of linker exchange (Table S1) . SCXRD experiments revealed that the PCN-161 crystallizes in cubic space group Fm-3m. Each Zr 6 cluster is connected to 12 L1 0 linkers, giving rise to a non-interpenetrated framework with fcu topology. The L1 0 was 4-fold disordered due to the high symmetry. PCN-162
shows the same network structure as PCN-161. However, it crystallizes in the lower symmetry space group Pn-3. As a result of the reduced symmetry, the conformation of L2 0 can be clearly determined. (Figures 1 and S2 ; Table S2 ).
It is noteworthy that PCN-163 and PCN-164 were obtained with non-interpenetrated structures, which would be extremely difficult to obtain from a one-pot synthesis. In contrast, one-pot synthesis of Zr-MOFs from L3 0 , L4 0 , or linkers with similar lengths always generate interpenetrated structures, as indicated by SCXRD and PXRD (Figure 1B) . A single-crystal structure of interpenetrated PCN-164 was obtained, denoted as PCN-164-inter (Table S1 ). PCN-164-inter crystallizes in the cubic space group Fd-3m. It consists of two sets of independent and mutually interpenetrating UiO-type frameworks, and similar structures, known as PIZOFs, have been previously reported. [18] [19] [20] Due to the low solubility of L3 0 , only microcrystalline powders, denoted as PCN-163-inter, were obtained from one-pot synthesis, and the resulting structural model was built in Materials Studio by isoreticular contraction of PCN-164-inter. Experimental PXRD patterns of PCN-163-inter and PCN-164-inter indicate the absence of the second diffraction peaks, corresponding to the extinction of (200) plane diffraction, and this matches well with the simulated PXRD patterns ( Figure S3 ). The sequential linker labilization and reinstallation allows for the isolation of non-interpenetrated structures that are thermodynamically unfavorable during one-pot synthesis.
To further explore the scope of the linker labilization and reinstallation method, we treated the labilized MOFs with imine linkers (i.e., PCN-16X series) with the solutions of linear linkers of different lengths. The products were digested and analyzed by 1 H-NMR to verify the linker reinstallation ( Figures S9-S14) . The results are summarized in Figure 2 . Generally the labilized MOFs can tolerate a linker difference within approximately 2.50 Å . This distance represents the maximum flexibility of the framework (Scheme S6 Figure S5 ). For comparison, the exchange of stable MOFs (i.e., UiO-6X series) requires the linker length to be identical ( Figure S7 ). This indicates that the labile linkers enhance the flexibility of the framework so that linkers with different lengths can be easily incorporated.
Stability and Porosity
The incorporation of labile imine bonds into the PCN-16X series reduced the chemical and mechanical stability of the framework ( Figure S4 ). Although the PCN-16X series is stable in common organic solvents including DMF, methanol, ethanol, and acetone, the frameworks are sensitive toward water. PXRD patterns show that PCN-16X partially lost its crystallinity after immersion in water for 24 h. The mechanical stability of PCN-16X series is also compromised, as indicated by the collapsed framework after solvent removal ( Figure S17 ). Indeed, direct activation of PCN-162 from acetone leads to framework collapse as indicated by N 2 sorption isotherms. For PCN-162 to retain its porosity, the as-synthesized sample needs to be exchanged with low-surface-tension solvents before activation. Following the literature, 28 PCN-162 was exchanged with CH 2 Cl 2 and hexane, leading to successful activation (Figures S15-S17). Additionally we failed to activate PCN-163 and PCN-164, possibly due to the large pore sizes and labile imine linkers.
The stability of PCN-16X series can be enhanced by replacing the labile imine linkers with stable ones. The resulting materials, known as the UiO series, display good chemical stability in water as indicated by PXRD patterns. Furthermore, the UiO series can be directly activated without losing any crystallinity or porosity ( Figure 3) . N 2 sorption isotherms at 77 K show progressively elevated N 2 total uptakes, which is in line with the change of unit cell dimensions ( Figure 3A) . The pore size distribution derived from adsorption isotherms further indicates the gradual increase of pore sizes from 1.5 to 2.2 nm ( Figure 3B ). These data further verified the non-interpenetrated structure obtained by sequential linker labilization and reinstallation.
The density change of the samples was also studied during the linker-exchange process. As shown in Figure S15 , the height of the samples inside an NMR tube increased from 0.51 to 0.68 cm (PCN-162, pale yellow) after linker reinstallation. Furthermore, the density difference between PCN-161 and PCN-162 can be directly observed during the exchange process, as the lighter PCN-162 layer lies above the heavier PCN-161.
Dynamic Dissociation/Association of Imine Bonds
The conventional linker-exchange process relies on the reversible dissociation/association of coordination bonds. In contrast, sequential linker labilization and reinstallation takes advantage of the dynamic covalent bonds as well. The dynamic imine bond in the PCN-16X series not only facilitates the linker-exchange process but also provides additional opportunities to introduce new functional groups into MOFs. Reactions based on imine bonds have been well developed in organic chemistry, which is an essential component in dynamic covalent chemistry. [29] [30] [31] We showed that the reversible dissociation/association of the imine bonds in PCN-164 enables the substitution of phenylenediamine fragments (Figures 4 and S21) . The linker-fragment exchange was carried out by immersing PCN-164 crystals in the solution of substitute diamines at 85 C for 24 h. PXRD measurements showed that the crystallinity was maintained after fragment exchange ( Figure S21C ). 1 H-NMR of the digested samples further verified the exchange with the diamine fragment ( Figures  S21B and S21D ). The substituents on the diamine fragment can affect the basicity of the resulting imine moieties, which in turn alters the pore environment of PCN-164. As a proof of concept, the catalytic activity of functionalized PCN-164 was tested in Knoevenagel condensation reactions (Figure 4) . The Knoevenagel condensation reaction is a model of C-C bond-forming reactions catalyzed using basic conditions. It also plays an important role in the synthesis of organic intermediate such as coumarins and their derivatives. [32] [33] [34] Among functionalized PCN-164 samples, the diaminocyclohexane-modified sample shows the highest activity due to the enhanced basicity of the imine sites. Substrates with various functional groups (-H, -Me, -NO 2 , and -OH) were converted to their corresponding products in substantial conversion percentages. Furthermore, the catalytic activity of the MOF catalyst was well maintained after three catalytic cycles (Table S5 ).
In fact the imine bond, as a representative example of dynamic covalent bonds, has been commonly used as a connection in covalent-organic frameworks (COFs). Notably, Yaghi and coworkers previously reported an in situ generation of TiMOFs combining the chemistry of MOFs and COFs based on a preformed cluster assembly process. 35 However, this method shows limitations in obtaining large single-crystalline MOFs. Our post-synthetic approach brings new opportunities into the preparation of high-crystalline M(IV)-based MOFs combining the reversible formation of imine bonds during post-synthetic process. Considering the diversity of both MOFs and dynamic covalent chemistry, a large family of MOFs with various metal clusters and dynamic linkers can be expected. This work also provides a route toward activating the inert framework using dynamic covalent chemistry, which can be potentially applied to a variety of materials including supramolecular cages and COFs. Research along this line is now under way in our laboratory.
Conclusion
In conclusion, we report the sequential linker labilization and reinstallation as a powerful tool to tailor pore environments and control interpenetration of isoreticular MOFs. Continuous expansion (or contraction) of unit cell dimensions of Zr-MOFs was realized by installing progressively longer (or shorter) linkers into the labilized parent framework. This method not only allows the construction of non-interpenetrated Zr-MOFs with large pore sizes, but also facilities the functionalization of pore environments by modifying the imine bonds. Furthermore, the idea of utilizing dynamic covalent chemistry to manipulate the properties of MOFs will lead to new discoveries in the field of MOFs and beyond.
EXPERIMENTAL PROCEDURES
Synthesis of UiO-67.5 or PCN-160 ZrCl 4 (200 mg), L1 (100 mg), trifluoroacetic acid (1.0 mL), and DMF (20 mL) were charged in a Pyrex vial. The mixture was heated in an oven at 120 C for 72 h. After cooling down to room temperature, the crystals were harvested. 
Synthesis of PCN-161
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